Background: Intramuscular fat (IMF) that deposits among muscle fibers or within muscle cells is an important meat quality trait in pigs. Previous studies observed the effects of dietary nutrients and additives on improving the pork IMF. Gut microbiome plays an important role in host metabolism and energy harvest. Whether gut microbiota exerts effect on IMF remains unknown. Results: In this study, we investigated the microbial community structure of 500 samples from porcine cecum and feces using high-throughput 16S rRNA gene sequencing. We found that phylogenetic composition and potential function capacity of microbiome varied between two types of samples. Bacteria wide association study identified 119 OTUs significantly associated with IMF in the two types of samples (FDR < 0.1). Most of the IMF-associated OTUs belong to the bacteria related to polysaccharide degradation and amino acid metabolism (such as Prevotella, Treponema, Bacteroides and Clostridium). Potential function capacities related to metabolisms of carbohydrate, energy and amino acids, cell motility, and membrane transport were significantly associated with IMF content. FishTaco analysis suggested that the shifts of potential function capacities of microbiome associated with IMF might be caused by the IMF-associated microbial taxa. Conclusions: This study firstly evaluated the contribution of gut microbiome to porcine IMF content. The results presented a potential capacity for improving IMF through modulating gut microbiota.
Background
Mammalian gut microbial community is a heterozygous ecosystem and composed of thousands of microbial species [1] . Gut microbiota influences many important host physiological functions, such as modulation of food intake, metabolism, immune system activation, epithelial cell proliferation and resistance to infection [2] . Some evidences demonstrated that gut microbiota contributes to the development of host fatness. For instances, Backhed et al. showed that germ-free mice have 40% less fat mass than normal conventionalized mice [3] . Turnbaugh et al. confirmed that colonization of germ-free mice with the gut microbiota from obese donors resulted in an increase of total body fat mass [4] . However, some studies have indicated that there is no consistent association between obesity and gut microbiota or only a marginal effect of the microbiome on obesity in humans [5, 6] . Although it is an open-and-shut discussion about the contribution of the gut microbiome to host fatness, further studies have linked some essential gut microbiota-derived metabolites to host metabolic status. Devadder et al. revealed that microbial degradation of dietary fiber to SCFAs plays causal roles in the metabolic benefits [7] . Semova et al. found that metabolites produced by a Firmicutes strain could increase the number of lipid droplets in enterocytes, while metabolites produced by a Bacteroidetes strain or a Proteobacteria strain did not exhibit this effect [8] .
Intramuscular fat (IMF) accumulates among muscle fibers or within muscle cells. High IMF in pigs is responsible for "marbling meat". It is an economically important meat quality trait and contributes to meat sensory properties, such as special flavor, juiciness and tenderness. In humans, Intramuscular fat is associated with human metabolic syndrome [9] . The starting time of IMF, subcutaneous fat (backfat) and visceral fat (abdominal fat) deposition in pigs is different. Visceral fat firstly deposited, followed by subcutaneous fat, and intramuscular fat lastly deposited [10, 11] . Early studies identified several quantitative trait loci (QTL) on pig genome associated with IMF content [12] [13] [14] . Nevertheless, most of these QTLs could explain less than 5% of the variation of IMF content. Several studies observed the effects of diet nutrients and additives on improving the pork IMF content [15, 16] . Recent years, the studies have also uncovered the effect of gut microbiota on pig fat deposition. He et al. identified several gut microbial taxa showing significant associations with porcine backfat thickness and abdominal fat weight [17] . Yan et al. reported that transplanting gut microbiota derived from obese pigs to germ-free mice could enhance lipogenesis in the gastrocnemius muscles. Yan et al. suggested that high fat diets induced an improvement of body weight gain, feed efficiency and backfat accumulation in pigs through modulating hindgut microbial community [18] . However, whether gut microbiota plays a role in porcine IMF remains unknown.
The main objective of this study was to identify the microbial taxa and potential function capacity of gut microbiome associated with porcine IMF content with samples from different gut locations. We also identified bacteria and potential function capacities enriched in each of cecum lumen and feces.
Methods

Experimental animals and sample collection
Five hundred pigs from two pig populations were used in this study, including 256 Erhualian (EHL) and 244 Bamaxiang (BMX) pigs. All pigs were healthy and had not received antibiotics, probiotics or prebiotics for at least 2 months before sampling. Feeding, management and sampling of experimental pigs were described in detail in our previous publication [17] . In brief, commercial formula diet was provided to pigs two times a day. Water was offered ad libtium. Fecal samples from BMX pigs were individually collected at 3 days before the pigs were transported to the slaughterhouse. Cecum lumen samples were harvested from all 256 EHL pigs within 30 min after slaughter at age of 300 ± 3 days. All fecal and lumen samples were immediately dipped into liquid nitrogen for transportation, and then stored at −80°C until use.
To determine IMF content of experimental pigs, longissimus dorsi muscles were sampled within 30 min after slaughter. All fresh meat samples were dried to constant weight in the oven, and then grinded into powder. Ether was used to extract IMF with the routine Soxhlet extraction method.
Microbial DNA extraction and 16S rRNA gene sequencing
The detailed procedures of microbial DNA extraction and 16S rRNA gene sequencing were described in our previous publication [17] . Briefly, microbial DNA was extracted using QIAamp DNA Stool Mini Kit (QIAGEN, Germany). The barcoded fusion forward primer 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the V4 hyper variable region of the 16S rRNA gene. Barcoded V4 amplicons were sequenced using the paired-end method on Illumina MiSeq platform (Illumina, USA) following the standard protocols.
16S rRNA gene sequencing data analysis
Firstly, the raw sequencing data were removed the barcodes and low quality sequences to obtain the clean data. High-quality paired-end reads were merged into tags using FLASH (v.1.2.11) [19] . To normalize the sequencing depth, we rarefied the library size of microbial sequences to 10,000 tags per sample before further analysis. USEARCH (v7.0.1090) was used to pick Operational Taxonomic Unit (OTU) at 97% sequence identity [20] . We filtered out those OTUs which had relative abundance <0.05% and were presented in less than 1% of the experimental pigs from further analysis. We performed taxonomic assignments for the aligned sequences using the Ribosomal Database Project (RDP) classifier program (v.2.20) [21] . The abundance and diversity indices were generated using Quantitative Insights Into Microbial Ecology (QIIME v.1.70) [22] . Linear discriminate analysis effect size (LEfSe) was used to identify the bacteria enriched in cecum lumen and feces, respectively [23] .
Association analysis
The residuals of IMF content corrected the effects of sex and batch were used for further association analysis between phenotypic IMF and the relative abundances of bacteria. Because of the non-normal distribution of the relative abundances of OTUs in the tested pigs, association analysis was performed with a two-part model method as described previously [24] . In brief, the twopart model association analysis included both binary and quantitative model. The binary model describes a binomial analysis that tests for association of detecting a microbe with IMF content. The quantitative model tests for association between the abundance of the detected microbes and IMF content. Only the samples where that microbe was identified were included in analysis. Considering the effect of both binary and quantitative features, a meta-analysis was also performed using an unweighted Z method. The final association P value was set as the minimum of P values of binary, quantitative and meta-analysis. Skewness correction was performed by 1000 × permutation tests. False discovery rate (FDR) < 0.1 was set as the significance threshold.
Functional prediction of fecal and cecum lumen microbiome
Functional capacity of microbial community was predicted using PICRUSt online Galaxy version [25] . The closed reference OTU table was generated from quality control reads in QIIME (v1.7.0) against the Greengenes database. Normalization, metagenome prediction and function categorization based on KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways were performed by PICRUSt according to a standard analysis process. Comparison of the secondary-class KEGG pathways between cecum and fecal samples was performed using LEfSe. Correlation coefficients between IMF values and relative abundances of KEGG pathways were calculated by using MaAsLin online Galaxy version [26] . The significant threshold was set at FDR < 0.05.
Identifying the taxonomic drivers of functional shifts
To evaluate the contribution of the IMF-associated OTUs to functional shifts of gut microbiome, we used FishTaco analysis to establish the correlation between IMF-associated OTUs and functional capacities as described by Borenstein et al. [27] . Because FishTaco software has been only used to treat with the dataset from case-control study, we chose those samples whose IMF values were ranked the top or lowest 5% for this analysis. Finally, 26 cecum lumen samples (high IMF: 13, low IMF: 13) and 24 fecal samples (high IMF: 12, low IMF: 12) were used for the analysis. The profiles of the relative abundances of IMF-associated OTUs and predicted function capacities were inputted into FishTaco software. Multi_taxa module was run to assess the taxonomic contribution to functional shifts. The output result was visualized using ggplot2 in R package.
Results
Bacteria and potential function capacities enriched in cecum lumen and feces
Cecum lumen obtained an average of 718 OTUs in the tested samples, ranging from 195 to 995, while the average number of OTUs for fecal samples was 888, which ranged from 618 to 1066. The α-diversity of microbial community of cecum lumen and feces was described in our previous publication [17] . Here we focused on the identification of bacterial genera enriched in cecum lumen and feces, respectively. A total of 29 genera were identified in both cecum lumen and feces, while 13 genera were specific to cecum and two genera were unique to feces (Fig. 1a) . We further performed a LEfSe analysis on the 29 common taxa to compare their relative abundances in the two types of samples. As shown in Fig. 1b,  26 out of the 29 genera showed distinct relative abundances between cecum lumen and feces (P < 0.05), including 12 genera enriched in the cecum lumen and 14 genera showing higher abundances in the feces.
To compare the potential function capacity of microbial community between cecum lumen and feces, the relative abundances of KEGG pathways were predicted by PICRUSt based on 16S rRNA gene sequences. We found 39 KEGG pathways shared by both the cecum lumen and fecal samples. LEfse analysis identified 13 pathways enriched in the cecum lumen samples, while six pathways were enriched in the fecal samples (Fig. 1c) .
Microbial taxa associated with IMF content
We identified 119 OTUs which were significantly associated with IMF in the two types of samples using twopart model association analysis (FDR < 0.1). In the cecum lumen samples, 16 OTUs were positively associated with IMF and 38 OTUs had negative correlations with IMF. Among these 54 OTUs, 16 associations (30%) were identified by binary analysis, 14 associations (26%) were detected by quantative analysis, and the other 24 associations (44%) were identified by meta-analysis. Meanwhile, we detected 65 OTUs significantly associated with IMF content in the fecal samples, including 27 OTUs positively associated with IMF and 38 OTUs negatively associated with IMF. Among these 65 IMFassociated OTUs, 19 (29%) were obtained by binary analysis, 22 (34%) by quantative analysis and 24 (37%) by meta-analysis.
We annotated these 119 IMF-associated OTUs to microbial taxa. As shown in Fig. 2 , Additional file 1: Table S1 and Additional file 2: Table S2. In the cecum lumen samples, 13 OTUs were annotated to the order level, including six OTUs annotated to Bacteroidales, three OTUs to YS2, two OTUs to Clostridiales, one OTU to each of the RF32 and RF39. Twenty-four OTUs were annotated to the family level, including 11 OTUs annotated to Lachnospiraceae, three OTUs to Ruminococcaceae, two OTUs to each of S24-7, Cerasicoccaceae and Coriobacteriaceae, and one OTU to each of Clostridiaceae, RFP12, Rikenellaceae and Succinivibrionaceae. At the genus level, three OTUs were annotated to each of Prevotella, Treponema and Ruminococcus, and the other seven OTUs to Epulopiscium, Fibrobacter, L7A_E1, Paraprevotella, Rikenellaceae, Sphaerochaeta and Succinivibrio. Only two OTUs were annotated to the species level, including Dorea formicigenerans and Lactobacillus reuteri. In the fecal samples, one OTU was annotated to the class Alphaproteobacteria. Twenty-two OTUs were annotated to the order level, including nine OTUs annotated to Clostridiales, five OTUs to RF39, four OTUs to YS2, two OTUs to Bacteroidales and one OTU to each of Bifidobacteriales and RF32. At the family level, 13 OTUs were annotated to Ruminococcaceae, three OTUs to S24-7, one OTU to each of Lachnospiraceae and RFP12. Twenty-two OTUs were annotated to the genus level, including six OTUs annotated to Prevotella, two OTUs to Treponema, two OTUs to Ruminococcus and one OTU to each of Bacteroides, Bifidobacterium, Campylobacter, Clostridium, Desulfovibrio, Dorea, Epulopiscium, Fibrobacter, Oscillospira, Roseburia, Sutterella and YRC22. Two IMF-associated OTUs belong to the species Bacteroides fragilis and Faecalibacterium prausnitzii.
Association between predicted function capacity of gut microbiome and IMF content
MaAsLin analysis identified 13 and 12 KEGG pathways related to IMF content in the cecum lumen and stool, respectively. In the cecum lumen samples, digestive system, energy metabolism, glycan biosynthesis and metabolism, lipid metabolism, carbohydrate metabolism, metabolism of cofactors and vitamins, metabolism of other amino acids, metabolism of terpenoids and polyketides, nucleotide metabolism, signaling molecules and interaction had positive correlations with IMF content, while cell motility, environmental adaptation, and membrane transport showed negative correlations with IMF content (Fig. 3a) . In the fecal samples, biosynthesis of other secondary metabolites, carbohydrate metabolism, digestive system, endocrine system, energy metabolism, glycan biosynthesis and metabolism, signal transduction, and signaling molecules and interaction were positively associated with IMF content, while cell growth and death, and infectious diseases were negatively associated with IMF content (Fig. 3b) . Carbohydrate metabolism, digestive system, energy metabolism, glycan biosynthesis and metabolism, nucleotide metabolism, and signaling molecules and interaction shared the positive association with IMF in both cecum lumen and feces samples.
Contribution of the IMF-associated OTUs to functional shifts of microbial community
We estimated the contribution of IMF-associated OTUs to functional shifts of microbial community of cecum lumen and feces. As shown in Fig. 4a , OTU246 (Ruminococcaceae), OTU115 (Bacteroidetes, S24-7), OTU214 (Cerasicoccaceae), OTU552 (Lachnospiraceae), OTU1319 (Dorea formicigenerans), OTU1390 (Prevotella) and OTU2402 (Treponema) in the cecum lumen samples mostly contributed to the function capacities associated with IMF, especially, to the metabolismassociated function terms. The similar result was obtained in the fecal samples where OTU71 (Oscillospira), OTU59 (Clostridiales), OTU376 (Prevotella), OTU392 (YS2), OTU350 (YS2) and OTU131 (Desulfovibrio) Fig. 3 The association between KEGG items and IMF content. a KEGG items associated with IMF content in the cecum lumen samples at FDR < 0.05. Values on different cycles represent correlation coefficient. Ax on the edge of the cycle represents the KEGG items. Red sectors represent for positive associations and blue sectors represent for negative associations. b KEGG items associated with IMF content in the fecal samples had the largest contributions to the IMF-associated function capacities (Fig. 4b) . This result suggested that IMF-associated function shift of gut microbiome might be caused by IMF-associated OTUs.
Discussion
In this study, we identified a total of 119 OTUs and 25 KEGG pathways related to IMF content in porcine cecum lumens and stools. To our knowledge, this is the first study systematically evaluating the association of gut microbiome with porcine IMF content from both bacteria and potential functional capacity of microbial community.
We identified a significantly larger number of cecum lumen-specific bacteria. This was consistent with the report that cecum and colon have high richness and diversity of microbiota [28] . The potential function capacity of microbial community was also distinctly different between cecum lumen and stool (Fig. 1c) . Metabolismrelated function terms, such as carbohydrate metabolism, amino acid metabolism, energy metabolism, metabolism of cofactors and vitamins, and Glycan biosynthesis and metabolism were significantly enriched in the cecum lumen. As we have well known, cecum is the main gut location where bacteria ferment polysaccharide to provide energy, and synthesize essential amino acids and vitamins [29, 30] .
To our best knowledge, for the first time, cecum lumen and stool samples were used to evaluate the association between gut microbiome and IMF. We used a powerful two-part model method to establish the association of gut microbial taxa with IMF content [24] . This approach accounted for both binary and quantitative features of microbial data to maximize the statistic power. Furthermore, it overcame the problem of the non-normal distribution of OTU abundance to make the results more accurate. Although similar numbers of IMF-associated OTUs were identified in both types of samples (54 vs. 65) , most members of the IMFassociated OTUs in the cecum lumen belong to Lachnospiraceae, while the IMF-associated OTUs in the feces were mainly annotated to Ruminococcaceae (Fig. 2 and Additional file 1: Table S1 and Additional file 2: Table S2 ). This was consistent with the distinct phylogenetic compositions between cecum lumen and feces.
Previous studies indicated that the expression level of host genes involved in glucose and amino acid metabolism or dietary intervention (low-protein and highglucose) could affect porcine IMF deposition [31] [32] [33] [34] . Coincidentally, we found that most of the IMFassociated bacteria identified in the cecum lumen and fecal samples have been reported to play important roles in the metabolisms of dietary nondigestible polysaccharide and amino acid. For examples, Lachnospiraceae, Ruminococcaceae, Prevotella and Treponema ferment dietary complex polysaccharide to produce short chain fatty acids (SCFAs) and have been reported to affect host inflammation and obesity in humans [35] [36] [37] [38] [39] . Members of Bacteroidales (e.g. Bacteroides) and Clostridiales (e.g. Clostridia and Clostridium) appear to be prevalent species involved in amino acid fermentation [40] . Members of Clostridiales produce branched-chain amino acids (leucine, isoleucine and valine) through amino acid catabolism, which was associated with obesity and inflammation [41] [42] [43] . In our previous studies, we also identified that the above bacterial taxa were significantly associated with porcine fatness traits, suggesting that bacteria involving in digesting polysaccharide and amino acid, and SCFAs producing by polysaccharide fermentation were related to the deposition of IMF, abdominal fat and backfat [17, 44] . However, we also identified several bacteria specifically associated with IMF, such as Coriobacteriaceae, Bifidobacterium, Roseburia, Lactobacillus reuteri and Faecalibacterium prausnitzii. These bacteria have been reported to be involved in obesity in humans and mice, e.g. Coriobacteriaceae was associated with host dyslipidemic phenotypes in mice and humans in the context of obesity, metabolic syndrome and hypercholesterolemia [45] [46] [47] . Bifidobacterium ameliorates visceral fat accumulation and insulin sensitivity in HFdiet-fed rats [48, 49] . Roseburia plays an important role in producing butyrate from dietary carbohydrates and anti-inflammatory properties [50, 51] . And Lactobacillus reuteri could improve incretion and insulin secretion in glucose-tolerant humans [52] .
Functional prediction of microbial community with 16S rRNA gene sequencing data and FishTaco analysis constructed the bridge linking potential function capacity of microbome with IMF-associated bacterial taxa. FishTaco analysis suggested that functional shifts of gut microbiome related to IMF might be caused by IMF-associated microbial taxa. Carbohydrate metabolism, energy metabolism and the metabolism of other amino had positive association with IMF content. This was consistent with the result that IMFassociated bacteria were associated with digestion of dietary polysaccharide and amino acids (described above). The function terms of cell motility, membrane transport, and environmental adaptation had negative associations with IMF content. Interestingly, previous studies indicated that cell motility, membrane transport and oxidative stress resistance were associated with type 2 diabetes and obesity [53, 54] .
Conclusions
In this study, we identified 119 OTUs that were significantly associated with IMF content. Most of the IMFassociated OTUs belong to the bacteria involved in polysaccharides and amino acid metabolism. Potential function capacities related to metabolisms of carbohydrate, energy and amino acids were significantly associated with IMF content. Functional shifts of gut microbiome related to IMF should be caused by the IMF-associated microbial taxa. The results from this study gave a comprehensive knowledge about the contribution of gut microbiome to porcine IMF content, and presented a potential capacity for improving IMF through modulating gut microbiota. 
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